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Introduction
Occlusion of the ICA is sometimes necessary to treat giant ICA aneurysms and tumors encasing the ICA. The consequences of ICA occlusion range from no symptoms to devastating hemispheric strokes 1 . The balloon test occlusion (BTO) of the ICA has been used to predict whether a patient can tolerate temporary or permanent occlusion of the ICA. If the patient develops any sign of hemispheric ischemia during BTO, permanent ICA occlusion should not be performed or an extracranial-intracranial (EC-IC) bypass is considered before ICA occlusion 2 . However, BTO with neurological evaluation alone has a high false negative rate 3 . To improve the sensitivity, several reports have proposed CBF measurement to predict the likelihood of ischemic complications following ICA occlusion during BTO [4] [5] [6] [7] [8] [9] [10] . Single photon emission tomography (SPECT) allows semiquantitative determination of the CBF throughout the entire brain and is reported to be useful for evaluating collateral blood flow after permanent ICA occlusion 4, 6, 8 . However, up to 20% of the patients did not tolerate ICA sacrifice, even though they had symmetrical SPECT scans during BTO 11, 12 . Besides the CBF, oxygen extraction fraction (OEF) and cerebral metabolic rate of oxygen (CMRO 2 ), which can be obtained only with positron emission tomography (PET) study, provide us important indices for assessing ischemic degree [13] [14] [15] . However, the complex nature of the PET procedure and its relatively long protocol limit the applicability of PET study to BTO. One of our colleagues developed a new dual tracer autoradiographic (DRAG) method to shorten PET examination time 16, 17 . This method enabled us to measure the CBF and OEF/CMRO 2 values before and during BTO in succession. In this manuscript, we report initial three cases of PET study for evaluating the cerebral blood flow and metabolism before and during BTO, especially describing the feasibility of rapid quantitative measurement of the CBF and OEF/CMRO 2 .
Materials and Methods
Three women with large or giant cerebral aneurysms involving the ICA underwent BTO to evaluate brain tolerance to sacrifice the ICA. Written informed consent was obtained from all patients after a detailed explanation of the test procedure.
Balloon test occlusion
After diagnostic cerebral angiography, a 5-French double-lumen balloon catheter was inserted into the ICA of the affected side with systemic heparinization (5,000-10,000 IU). One lumen is used to inflate the balloon, and the central lumen is a distal lumen beyond the balloon connecting to a pressure transducer. Cross-filling via the communicating arteries was examined by contralateral carotid angiogram or vertebral angiogram under balloon inflation of the objective carotid artery. A trial BTO was performed for 15 min to examine neurological signs or changes in the stump pressure.
Complete occlusion of the ICA was confirmed by a sudden drop in the stump pressure and contrast injection. After trial BTO, patients were transferred from the angiography suite to the radioisotope suite with the balloon deflated but still in place under frequent monitoring of the activated coagulation time.
An adhesive strip was affixed to the catheter at the location of the catheter entrance into the sheath so that it could later be inflated during PET scanning without the use of fluoroscopy.
PET examination
PET acquisition was performed in 2D mode using an ECAT HR+ scanner (Siemens-CTI, Knoxville, USA), which provided 63 tomographic slice images for an axial field-of-view of approximately 150 mm. A five-minute transmission scan using a 68 Ge rod source was conducted to correct tissue attenuation. Intermittent arterial blood sampling and radioactivity concentration measurements were performed throughout PET scanning using a catheter implanted in the brachial artery to obtain the arterial input function using an auto well gamma counter (ARC-400, Aloka, Tokyo, Japan). Arterial blood samples were also used to measure hematocrit and blood gas tensions. In the radioisotope suite, the patients were positioned on a table for the PET camera. First, baseline measurements of CBF and OEF/CMRO 2 were performed without balloon inflation. The PET protocol was originally developed as the DRAG method 16, 17 , in which 15 O 2 and H 2 15 O (or C 15 O 2 ) are sequentially administered during a single PET scanning to measure the OEF/CMRO 2 and CBF. The method was further improved by eliminating the need for CBV data so that the total scan time is shortened to less than 15 min 17 . In the present study, we applied the method by administering firstly 15 O 2 (3000 MBq/min) followed by C 15 O 2 (500 MBq/min) after ten minutes during a single PET scanning (10 s × 6; 20 s × 6; 30 s × 4; 120 s × 3; 5 s × 12; 10 s × 9). The arterial input function was determined by frequent arterial sampling during the PET scanning. After the baseline measurement, the balloon was inflated after sufficient time for eliminating the tracer. Complete occlusion of the ICA was confirmed by a sudden drop in the stump pressure. The ICA was occluded for 15 minutes for the BTO PET study and CBF and OEF/CMRO 2 values were measured during BTO. Total examination time in the radioisotope suite was about 50 minutes. Several circular regions of interest (ROI) were placed on CBF images in the middle cerebral artery (MCA) territory. The size of each ROI was 10 mm in diameter. OEF and CMRO 2 values were extracted from the same ROIs on CBF images.
Results
None of the three patients exhibited neurologic symptoms during BTO in the angiography suite. Physiological parameters including MCA territory during BTO was 38.4 ml/100 g/ min, which was 34% lower than that of before BTO (57.9 ml/100 g/ min) and 35% lower compared to the contralateral value (58.8 ml/100 g/ min) ( Figure 1B ). The average CMRO 2 in the right MCA territory during BTO (4.9 ml/100 g/ min) was slightly higher than that of before BTO (4.5 ml/100 g/min) ( Figure 1C ). The average OEF in the right MCA territory during BTO was 0.66, which was 43% higher than that of before BTO (0.46) ( Figure 1D ). This patient was considered to be non-tolerant for perma-blood pressure and blood gas tensions were within normal range and were not significantly different between before and during BTO PET examinations.
Case 1
A 66-year-old woman was admitted to our hospital with left upper-quadrant homonymous hemianopsia. Right ICA angiogram demonstrated a large paraclinoid aneurysm (16 × 12 mm) ( Figure 1A ). The average CBF in the right Figure 1 A) Right ICA angiogram shows a large paraclinoid aneurysm. The right ICA is completely occluded by a balloon during BTO. B) During BTO of the right ICA, a moderate decrease in CBF in the right MCA territory is demonstrated by PET study. The CMRO 2 was symmetrical (C) and the OEF in the right MCA territory is markedly increased (D). This patient was considered to be non-tolerant for permanent ICA occlusion.
13% lower than that of before BTO (47.0 ml/100 g/ min) and 15% lower compared to the contralateral value (48.6 ml/100 g/ min) ( Figure 2B ). The average CMRO 2 in the left MCA territory during BTO (3.8 ml/100 g/min) was slightly higher than that of before BTO (3.3 ml/100 g/min) ( Figure 2C ). The average OEF in the left MCA territory during BTO was 0.57, which was 21% higher than that of before BTO (0.47) ( Figure 2D ). This patient was considered to be non-tolerant for permanent ICA occlusion and treated with successful neck clipping.
nent ICA occlusion and treated with successful neck clipping.
Case 2
A 50-year-old woman was admitted to our hospital with an incidentally found cerebral aneurysm. Left ICA angiogram demonstrated a large paraclinoid aneurysm (16 × 14 mm) (Figure 2A) . BTO resulted in mild global reduction of CBF in the bilateral hemispheres.
The average CBF in the left MCA territory during BTO was 41.2 ml/100 g/min, which was Figure 3 A) 3D-CT angiogram shows a giant cavernous aneurysm. B) During BTO of the right ICA, a mild global decrease in CBF in the bilateral hemispheres is demonstrated by PET study. The CMRO 2 was symmetrical (C) and the OEF in the right MCA territory is slightly increased (D). This patient was considered to be tolerant for permanent ICA occlusion and treated with coil embolization with ICA occlusion (E).
ant cavernous aneurysm (30 × 25 mm) ( Figure  3A ). BTO resulted in mild global reduction of CBF in the bilateral hemispheres. The average CBF in the right MCA territory during BTO was 46.6 ml/100 g/min, which was 9% lower patients who underwent carotid occlusion. In the SPECT study, however, up to 20% of the patients did not tolerate ICA sacrifice, even though they had symmetrical SPECT scans during BTO 11, 12 . Moreover, a previous study has shown that a considerable reduction in CBF might occur under hypotension after ICA sacrifice, even with negative BTO 23 . It has also been suggested that SPECT asymmetry analysis carries a high rate of false positive test results 6, 24 , because of the semi-quantitative nature of the data analysis. The false negative rate of the BTO was lowered to 3-10% by applying quantitative CBF analysis with xenon-enhanced CT 3, 25 . They proposed a flow of less than 30 ml/100 g/min as the threshold for occurrence of neurological symptoms after ICA occlusion 3, 25 . These results indicate that SPECT asymmetry analysis is not accurate to predict ischemic complications after permanent ICA occlusion and quantitative CBF analysis improves the precision of risk evaluation.
PET study is considered to be the most reliable method for measuring the CBF throughout the entire brain. Besides CBF, CBV, oxygen extraction fraction (OEF) and cerebral metabolic rate of oxygen (CMRO 2 ) provide us with important indices that can be used for assessing the ischemic degree in chronic and acute cerebrovascular disease. In a primate study of cerebral ischemia, CMRO 2 not CBF measurement may be the best predictor of reversible or irreversible tissue damage 14, 15 . OEF and CMRO 2 values provide a true definition of ischemia in patients with aneurysmal subarachnoid hemorrhage 13 . These values can be quantitatively obtained by PET using 15 O-labelled compounds. The computational formulae to compute these parametric images are based on a single-tissue compartment model for oxygen kinetics and generally require a data set of C 15 O scan for cerebral blood volume (CBV), C 15 O 2 (or H 2 15 O) scan for CBF and 15 O 2 scan together with CBF and CBV values for OEF/CMRO 2 . Several quantitative approaches have been developed and applied in clinical assessment. In the steady-state method, the parametric images are estimated from the data set that is acquired while in the steady state reached during the continuous inhalation of 15 O 2 and C 15 O 2 as well as bolus inhalation of C 15 O, requiring waiting time to reach equilibrium. This method can be employed using a simple procedure and mathematical formula, but requires a prolonged data-acquisition time (approximately 50-60 min). than that of before BTO (51.0 ml/100 g/ min) and 9% lower compared to the contralateral value (51.5 ml/100 g/ min) ( Figure 3B ). The average CMRO 2 in the right MCA territory during BTO (3.0 ml/100 g/min) was slightly lower than that of before BTO (3.3 ml/100 g/min) ( Figure 3C ). The average OEF in the left MCA territory during BTO was 0.51, which was slightly higher than that of before BTO (0.48) ( Figure  3D ). This patient was considered to be tolerant for permanent ICA occlusion and treated with ICA occlusion without acute or later neurological deficits at six months after the treatment.
Discussion
Occlusion of the ICA was demonstrated to carry 26% risk of ischemia of the ipsilateral hemisphere, of which 46% were fatal, when performed in non-selective patients 3 . Balloon test occlusion (BTO) has been developed as a method to assess the tolerance of permanent ICA occlusion. Linskey et al. reported that the risk of ischemic complications was reduced to 13% by selective carotid occlusion using BTO 3 . However, the appearance of neurological symptoms during BTO exhibited low negative and positive predictive values and was not a good predictor of sustained patient outcome 9 . To improve the sensitivity, various reports have proposed adjunctive methods to predict the likelihood of ischemic complications following ICA occlusion, such as measurement of the stump pressure 4, 18 and the CBF 4-10 during BTO.
Measurement of the blood flow has demonstrated that substantial cerebral hypoperfusion occurs even when the patient does not show any neurological signs during BTO and may evaluate a potential risk after the ICA occlusion 19, 20 . Among several methods of CBF measurement, SPECT is considered to be the most useful method for evaluating the collateral circulation during BTO 4, 6, 8 . SPECT images acquired after the completion of BTO reflect the tracer distribution during occlusion when the tracer is injected. Although no definite quantitative criteria are now available to define perfusion abnormalities that may cause cerebral infarction, an interhemispheric difference in tracer uptake less than 10% (CBF ratio < 0.9) is generally accepted to be asymmetric and safe 21 . Palestro et al. 22 reported that the negative predictive value of the symmetric perfusion (CBF ratio > 0.9) during BTO was 100% in 14 inary and should be performed in a greater number of patients. Our study has several limitations and drawbacks. It should be mentioned that while the findings are suggestive they are still preliminary because of the limited number of cases and this represents a possible limitation to the conclusion drawn. Even though PET study can provide more useful information for the patients, movement to radioisotope suite and longer indwelling time of balloon including inflation and deflation in PET room may require further risk-taking. Moreover, compared to intravenous injection of radioisotope, inhalation of gas tracer used in this study requires additional devices and may limit availability in other institutions.
Conclusion
Measurement of the CBF and OEF/CMRO 2 using a new, rapid PET protocol before and during BTO is feasible. With its quantitative character and brief scanning time, our rapid PET can offer a suitable method for predicting tolerance to ICA occlusion. This method may further improve the precision of the test and to reduce the risk of complications following ICA sacrifice with surgery.
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Recently, one of our colleagues developed a dual tracer autoradiographic (DRAG) method to shorten the PET examination period 16 . This method applies sequential administration of dual tracers of 15 O 2 and C 15 O 2 during a single PET scan and computes CBF and CMRO 2 autoradiographically. Clinical studies demonstrate the possibility of neglecting or fixing the CBV value in the computation of the OEF and CM-RO 2 without significant bias in normal controls and patients with cerebrovascular disease 17, 26 . In our institution, we introduced the rapid DRAG method two years ago. This change reduced the burden of patients and clinicians and shortened PET examination time from 50 minutes to 15 minutes and enabled us to measure the CBF and OEF/CMRO 2 values before and during BTO in succession. To the best of our knowledge, only a few studies have applied the PET evaluation for BTO. Brunberg et al. 5 applied H 2 15 O PET for quantitative measurement of regional CBF during BTO to predict the adequacy of collateral flow after permanent carotid occlusion. They demonstrated that patients having a CBF reduction to 25-35 ml/100 g/min during balloon occlusion may bear a risk of cerebral infarction after permanent ICA occlusion even when there was no clinical symptom 5 . This is the first report to measure the blood flow and metabolism in the brain using PET before and during BTO. Although we have not clarified critical values of the OEF/ CMRO 2 during BTO, which may carry the risk of ischemic complications after permanent ICA occlusion, this approach can improve the sensitivity to predict ischemic complication after permanent ICA occlusion. This study is prelim-
